For the first time to our knowledge, a dressed spontaneous parametric four-wave mixing (SP-FWM) process and fluorescence (FL) signals in hot alkali atom vapor are demonstrated in both theory and experiment. First, by scanning pumping fields, Autler-Townes (AT) splitting in SP-FWM and two-photon suppression dip in FL are observed. Then, by scanning coupling fields, single-, double-, and triple-dressed effect on those signals is demonstrated, such as suppression and/or enhancement of SP-FWM signal and suppressed two-photon emission peak of FL. The interaction effect between dressing fields on SP-FWM and FL signals is also observed. Such investigations can find potential applications in multichannel narrowband long-distance communication. . Conventionally, paired photons are generated from spontaneous parametric down-conversion and studied extensively in both theory [8] and experiment [9] . Recently, a new type of biphoton resource combining the characteristics of electromagnetically induced transparency (EIT) and four-wave mixing (FWM) [10] has attracted much attention in experiment [11, 12] and theory [13] [14] [15] . In this new source, EIT [16] effect on the anti-Stokes channel can be achieved, so that anti-Stokes photons can propagate through the medium almost without absorption and along with a small group velocity. On the other hand, due to two-photon Dopplerfree configuration, EIT has been observed in warm atomic vapor cells [17, 18] , and sharp dispersion properties [19] have been experimentally demonstrated. Efficiencies of FWM processes have also been observed [20, 21] . However, to our best knowledge, multidressed SP-FWM process in the frequency domain has not been reported, where double EIT windows are created to transport the generated Stokes and anti-Stokes fields.
Paired photons can effectively test the interpretation of quantum theory [1] . Many exciting research fields based on entangled paired photons have emerged, including quantum computing and communication [2] , quantum imaging [3] , lithography [4, 5] , optical measurement [6] , and spectroscopy [7] . Conventionally, paired photons are generated from spontaneous parametric down-conversion and studied extensively in both theory [8] and experiment [9] .
Recently, a new type of biphoton resource combining the characteristics of electromagnetically induced transparency (EIT) and four-wave mixing (FWM) [10] has attracted much attention in experiment [11, 12] and theory [13] [14] [15] . In this new source, EIT [16] effect on the anti-Stokes channel can be achieved, so that anti-Stokes photons can propagate through the medium almost without absorption and along with a small group velocity. On the other hand, due to two-photon Dopplerfree configuration, EIT has been observed in warm atomic vapor cells [17, 18] , and sharp dispersion properties [19] have been experimentally demonstrated. Efficiencies of FWM processes have also been observed [20, 21] . However, to our best knowledge, multidressed SP-FWM process in the frequency domain has not been reported, where double EIT windows are created to transport the generated Stokes and anti-Stokes fields.
In this work, multidressed SP-FWM and FL signals in a hot atomic ensemble will be systematically studied. First, by scanning the pumping field, AT splitting of SP-FWM signals and two-photon suppression dip in FL signals is experimentally demonstrated. We also reveal the suppression and/or enhancement of SP-FWM signal and suppressed twophoton emission peak in FL, which can be modulated by external-dressing fields. In these processes, double-and triple-dressing effects on those signals are demonstrated experimentally and explained theoretically. Last, the interplay between resonant and nonresonant dressing fields on those signals is observed.
We consider a Y-type EIT medium [involving 3S 1∕2 (j0i), 3P 1∕2 (j2i), 3P 3∕2 (j4i), and 4D (j3i)] in a heat pipe oven (230°C) [ Fig. 1(a) ]. To produce multidressed SP-FWM signals, three dye lasers (Narrowscan, 0.04 cm −1 linewidth) pumped by an injection-locking Nd:YAG laser (Continuum Powerlite DLS 9010, 10 Hz repetition rate, 5 ns pulse width, and beam waists all with diameters ∼1 mm) are used to generate the field E i with frequency ω i i 1, 2, 3, 4. In our experiment, E 1 and E 4 come from the same laser, so they have identical frequency. When the power of pumping field E 1 j0i → j2i) is increased, the ground state 3S 1∕2 is split into F 1 (j0i) and F 2 (j1i), and "double-Λ" configuration is formed. Accompanied with the annihilation of two pump photons, paired photons (Stokes and anti-Stokes) are generated simultaneously. Then the generated signals can propagate through the medium nearly without absorption for the two EIT windows (j0i → j2i and j1i → j2i) created by E 1 [see Fig. 1(a) ]. Such process is well interpreted by the SP-FWM process and can be significantly enhanced for coherence between two ground states (j0i and j1i). Next, when three external beams E 2 , E 3 , and E 4 counterpropagate with E 1 , coupling with j2i → j3i, j2i → j4i, and j0i → j2i with detuning Δ 2 ω 32 − ω 2 , Δ 3 ω 42 − ω 3 , and Δ 4 ω 20 − ω 4 , respectively, triple-dressed SP-FWM is formed. The three beams also make j2i j3i, and j4i populated, and the incoherent spontaneous emission from the three levels generate fluorescence signals, which are collected together and detected by a photomultiplier tube. The vector forms of the phase-matching equations (k s k as 2k 1 
as ∕K is the equation for a circle centered at the origin of the κ plane with a radius equal to υ as DK p . Inside the atomic vapor cell, for Ω as > Ω s , the radius of the circle increases from 0 as the anti-Stokes frequency increases and the Stokes frequency decreases for nΩ as > nΩ s and D > 0. Outside the atomic vapor cell, the angle between the central wave vectors of the Stokes and anti-Stokes beams and the z axis θ 1 and θ 2 are given by sin θ 1 cκ s ∕ω s and sin θ 2 cκ as ∕ω as , respectively. For the case that the transverse phase-matching conditions (κ s κ as 0) and ω as > ω s are always satisfied, outside the cell the concentric circles have different radii. In the side view, the Stokes circle has a larger angle with respect to the z axis than the antiStokes circle [see Fig. 1(b) ]. The angle θ 1 (θ 2 ) induced by strong dispersion for Stokes (anti-Stokes) in the case of the forward FWM geometry used here is around 8 mrad (5 mrad). For the case of quasi-phase matching, there should be a sizable range of angles Δθ λ∕L p at about 1 mrad. After being collected by two lenses, the generated Stokes and anti-Stokes frequencies are detected by two fast detectors, respectively.
All the electrical signals generated in FL and the SP-FWM signal detectors are transmitted to and recorded by the subsequent equipment.
One can express this coupling process with the Hamiltonian H gâ b âb, whereâ (â) is the boson-creation (-annihilation) operator that acts on the electromagnetic excitation of the Stokes channel;b (b) acts on the antiStokes channel, which means that the Stokes and antiStokes photons were simultaneously generated with two incident pump photons annihilated; Here, g jχ 3 E 1 E 1 j jNμ 2 10 ρ 3 s∕as ∕ℏε 0 G s∕as j is the nonlinear coupling coefficient, which depends on the third-order susceptibility χ 3 and the pump-field amplitude. Unlike the case occurring with nonlinear crystal, χ 3 is a function of the density matrix elements, which can be described by the chain form of nondressed Liouville pathways (called perturbation chains in the following discussion) ρ
(anti-Stokes signal). By solving these perturbation chains, we can obtain the third-order nondressed density matrix elements corresponding to Stokes signal and anti-Stokes signal as
respectively, where 10 , and Δ 10 1.7 GHz (m 0, 1).
Then, when the dressing effects of the three external fields (E 2 , E 3 , and E 4 ) are taken into account, the perturbation chains can be modified into ρ
(triple-dressed antiStokes signal), respectively. So the corresponding modified density matrix elements for Stokes and anti-Stokes fields are 
respectively, where In addition to this deduction for Stokes and anti-Stokes channels, the intensity of each FL signal is related to the corresponding diagonal density matrix elements. In the current system, as the beams E 2 , E 3 , and E 4 are blocked via the path- from level j2i), the undressed density matrix element ρ 2 22 is given as
Then, when the dressing effects of the three external fields are taken into account, the perturbation chains of dressed FL signal from level j2i are modified into ρ
, and the density matrix element corresponding to this FL signal from level j2i is
Similarly, the undressed pathways of the FL signals radiated from level j3i and j4i are ρ
44 , respectively. Taking the dressing effects of E 2 and E 3 into account, we can obtain the dressed density matrix elements of the FL signals radiated from j3i and j4i as ρ When light propagates in the nonlinear medium, it evolves under the Hamiltonian of the system, and the numbers of photons measured at the Stokes and anti-Stokes channels are
respectively. Here, for simplification, we set ρ Figure 2(a) shows the intensity spectrum from the (a1) Stokes channel, (a2) FL channel, and (a3) anti-Stokes channel when E 2 (P 2 0.3 mW) is resonantly coupled with j2i → j3i, and E 1 (P 1 0.25 mW) is scanned around the D2 line of the Na atom by variation of the grating of the dye laser. In the second-order FL ρ 2 22 spectrum [ Fig. 2(a2) ], the full width at half-maximum (FWHM) is about 58 GHz, which corresponds to the absorption spectrum between j0i and j2i. Due to SP-FWM process and atomic coherence between j0i and j2i, as displayed in Figs. 2(a1) and 2(a3) , the FWHM of SP-FWM signals (31 GHz) is much narrower than the FL spectrum. In our experimental condition, there are 3.4 GHz frequency gaps between Stokes and anti-Stokes signals; however, the measured Stokes and anti-Stokes signals still cannot be distinguished in the frequency domain due to Doppler broadening effect (about 40 GHz) and linewidth of pumping laser (about 4 GHz). In the following analysis and discussion, therefore, the two signals will be treated degenerately in frequency. On the other hand, the AT splitting of the Stokes and anti-Stokes signals shown in Figs. 2(a1) and 2(a3) can be explained very well with the dressed-state pictures shown in Figs. 1(c1) and 1(c2), respectively. As the coupling field E 2 resonates with j2i → j3i and the corresponding Rabi frequency G 2 is about 10 GHz, the original level j2i is split into jG 2 i and jG 2 −i located at −10
for the Stokes signal, where λ − and λ correspond to the left and right peaks in Fig. 2(a1) , respectively. So the splitting distance between two peaks is 20 GHz (d s λ − λ − ). In the same way, the left and right peaks of the anti-Stokes signal in Fig. 2 (a3) locate at −10 GHz (λ
, respectively. Due to Doppler broadening effect and linewidth of pumping laser (about 4 GHz), the Stokes and anti-Stokes field cannot be distinguished in the frequency domain in our experimental condition; therefore, the corresponding splitting distance of anti-Stokes is also about 20 GHz ( Fig. 2(a2) , for we set E 2 resonance with j2i → j3i, two-photon suppression dip is observed at resonant point (Δ 1 0) in the FL radiation (j2i) intensity spectrum, which corresponds to external-dressing field E 2 with term in jG 2 j 2 ∕d 30 in ρ Δ 1 Δ 2 0 and minimum near Δ 1 Δ 2 jG 2 j 2 ∕Δ 1 . The line shape of each curve represents the encountered state that the Stokes signal met; that is, the almost enhanced emission peak at the negative off-resonance region (all-bright state) to anomalous dispersion-like at the negative near-resonance region (left-dark state and right-bright state), to dip at the resonance region (all-dark state), to normal dispersion-like at the positive near-resonance region (left-bright-state and rightdark state), and finally to peak at the positive off-resonance region (all-bright state). Physically, the generated Stokes and anti-Stokes signals are correlated in the frequency and space, so the measured anti-Stokes signal [ Fig. 2(b3) ] also experiences the states that the Stokes signal met. With the help of the dressed energy level scheme shown in Figs. 1(c1) and 1(c2) , one can easily understand the process occurring in Figs. 2(b1) and 2(b3) . For example, fixing Δ 1 at resonance transition, only suppression condition Δ 1 Δ 2 0 (Δ 1 Δ 2 2Δ 10 0) modulates the Stokes (anti-Stokes) signal. However, fixing Δ 1 in the off-resonance region Δ 1
the dominant process becomes the enhancement effect of the external dressing field E 2 , where the suppression process becomes too weak to appear in the spectrum profile. Therefore, at the near-resonance region, both of them appear on the spectrum, that is, left-suppression and right-suppression, and vice versa. The FL signals [ Fig. 2(b2) ] also consist of three parts, i.e., baselines, Lorenz-like emission peak embeded on the baseline, and profile (dashed line). The profile reflects second-order FL forming from j2i and corresponding to ρ 33 , the Lorenz shape emission peak can be significantly suppressed at resonance point and gradually enhanced as the position of jΔ 1 j changes from resonance to large detuning, and then eventually gets highest at large detuning, which corresponds to the weakening process of EIT.
Next, we turn to the vertical case in Fig. 2(c) . The suppression dips in the SP-FWM signal [Figs. 2(c1) and 2(c3)] and the two-photon emission peak in the FL signal [ Fig. 2(c2) ] are all moved leftward from top to bottom as we set Δ 1 from −38.2 to 39.1 GHz. In order to explain these phenomena, we also turn to the dressed pictures shown in Figs. 1(c1) and 1(c2) . As Δ 1 gradually changes, the dressed states jG 2 i are fixed for fixed Δ 2 . The suppressed dip in the SP-FWM signal and emission peak in the FL signal appear when the resonant condition (Δ 1 Δ 2 0) is matched, and thus, their positions (Δ 2 −Δ 1 ) move from positive to negative with Δ 1 changing from negative to positive.
By arranging the measured curves horizontally [ Fig. 3(a) ] and vertically [ Fig. 3(b) ], now we concentrate on the double dressed effect of E 2 and E 3 on SP-FWM and FL signals. Except for applying a new laser E 3 with P 3 0.55 mW and resetting P 2 0.38 mW, the experimental conditions are identical with Fig. 2(b) . First of all, we fix Δ 3 0 GHz and scan E 2 with each discretely changed Δ 1 in the range of −39.5 to 42.5 GHz. Due to external dressing effect of E 3 , a new interesting phenomenon is observed, i.e., a double-peak structure of profile (dashed line) appears in the Stokes [ Fig. 3(a1) ] and anti-Stokes channels [ Fig. 3(a3) ], which corresponds to the term jG The strong external-dressing field E 3 split the intermediate state j2i into two dressed states jG 3 i and jG 3 −i, then the dressed states jG 3 i can be further split into jG 2 G 3 i and jG 2 − G 3 i for external-dressing field E 2 . The line shape of each curve represents the encountered state (caused by E 2 and E 3 ) of the SP-FWM signal, and corresponding dressedstate pictures are shown in Figs. 1(c3)-1(c4) . At Δ 1 −39.5 GHz, E 1 can resonate only with jG 2 G 3 i and satisfy the enhancement condition Δ 1 λ 3 λ 32 0, so SP-FWM signals are almost all enhanced. At Δ 1 −29.8 GHz, the signal first resonates with jG 2 G 3 i and then satisfies suppression condition Δ 1 Δ 2 0, so the signal is leftenhanced and right-suppressed. At Δ 1 −20.8 GHz, only the suppression condition can be satisfied, and at Δ 1 −10.5 GHz, the suppression condition and then enhancement condition are satisfied sequentially, so the signal is left-suppressed and right-enhanced. At Δ 1 0, the allenhanced signal can be seen because only the suppression condition can be satisfied. When Δ 1 > 0, the behavior of SP-FWM signals is symmetric to the case discussed above, and is not discussed here for simplicity. The symmetric center at Δ 1 0 is due to E 3 with Δ 3 0, and the other two symmetric centers at Δ 1 −20.8 and 21.3 GHz occur because of the cascade interaction between two external dressing fields E 2 and E 3 . Taking the dressing effect of E 2 and E 3 into account, numerical simulations are shown in Fig. 3(a4) , which agree with experimental results in Fig. 3(a1) . Next, for superposition of the external-dressing term jG 3 j 2 ∕d 40 in ρ Fig. 3(a2) ] induced by E 3 is observed. Meanwhile, compared with details in curves in Fig. 2(b) , the power of E 2 is increased and a Relative Intensity (units. a.u)
-40 -20 0 20 40 double-peak structure is also observed, corresponding to AT splitting of second-and fourth-order FLρ Then we turn to the vertical case. Suppression dip in SP-FWM signal [ Fig. 3(b1) ] and AT splitting dip in FL signal [ Fig. 3(b2) ] are all moved leftward from top to bottom curves as Δ 1 moves from negative to positive with fixing Δ 3 0. However, by setting Δ 3 from negative to positive and fixing Δ 1 0, as shown in Fig. 3(c) , three dips in the measured signal are all fixed at the same position (Δ 1 0). In order to explain these phenomena, we also concentrate on the double-dressing pictures as shown in Figs. 1(c3) and 1(c4) . With fixed Δ 3 and changing Δ 1 , the states ji are fixed. Those dips will be formed when E 1 and E 2 match the resonant condition (Δ 1 Δ 2 0), and the positions move from positive to negative as Δ 1 is changed from negative to positive. On the other hand, with fixed Δ 1 0 and changing Δ 3 , only suppression condition is satisfied (Δ 1 Δ 2 0), and the positions of those dips remain invariant although the states jG 3 i are moving. From the aspect of the density-matrix element, the suppression dip of the SP-FWM signal is the result of combined E 2 and E 3 , and the location of suppression dips matches the condition Δ 1 Δ 2 0. Thus, its position changes with varying Δ 1 rather than Δ 3 . Similarly, the AT splitting dip of the FL signal can be obtained as Δ 2 −Δ 1 jG 2 j 2 ∕Δ 1 , so that it moves leftward only with Δ 1 varying from negative to positive.
Finally, we focus on the properties of the Stokes signal when all coupling beams (E 2 , E 3 , and E 4 ) are open. The new added beam E 4 is resonantly coupled with j0i → j2i and the powers of three coupling beams are P 2 0.23 mW, P 3 0.25 mW, and P 4 0.28 mW, respectively. Figures 4(a1)-4(a3) show the measured single-, double-, and triple-dressed Stokes signals, respectively. The variation range of Δ 1 (13.2-26.8 GHz) in Fig. 4(a) is smaller than Fig. 3(a) , and by scanning the coupling field E 2 , only suppressed dips in the Stokes signal are observed. In the Stokes channel [ Fig. 4(a1) ], the significantly suppressed dip was observed at Δ 1 20.1 GHz. Due to the external-dressing effect with the term jG 2 j 2 ∕d 0 31 in Eq. (4), the dip becomes shallow gradually and eventually invisible as the jΔ 1 j changes from resonance to large detuning. Next, as the power of E 3 in this case is smaller than that in Fig. 3(a1) , AT splitting with profile [ Fig. 4(a2) ] is not observed. However, for the externaldressing effect of E 2 and E 3 ; jG 2 j 2 ∕d 31 jG 3 j 2 ∕d 0 41 in Eq. (4)], the profile in Fig. 4(a2) is lower compared with Fig. 4(a1) . A new phenomenon appears in Fig. 4(a3) when E 4 is added. Compared to Fig. 4(a2) , not only is the profile of the measured Stokes signal lowered, but the suppression dip in each curve is significantly reduced as well, which can be explained for cascade interactions between the nonresonant [ Fig. 4(b1) , each dip appearing in Fig. 4(b2) is reduced, and eventually invisible at Δ 3 0. Furthermore, for a reason similar to that given in Fig. 3(c) , for we fixed Δ 1 0, the two-photon suppression dips (Δ 1 Δ 2 0) keep invariant. Last, according to the above analyses and taking the triple-dressing effect into account, we show the theoretical results in Fig. 4(b3) , which agree with the experiment shown in Fig. 4(b2) .
In summary, we have observed the dressed SP-FWM processes and FL signal for the first time to our knowledge. Multidressing effects on those signals is demonstrated both theoretically and experimentally. Such controllable multidressed SP-FWM processes can find potential applications in optical communication and information processing. 
